Presence of a fovea centralis is directly linked to molecular specification of an avascular area in central retina, before the fovea (or 'pit') begins to form. Modelling suggests that mechanical forces, generated within the eye, initiate formation of a pit within the avascular area, and its later remodelling in the postnatal period. Within the avascular area the retina is dominated by 'midget' circuitry, in which signals are transferred from a single cone to a single bipolar cell, then a single ganglion cell. Thus in inner, central retina there are relatively few lateral connections between neurons. This renders the region adaptable to tangential forces, that translocate of ganglion cells laterally/centrifugally, to form the fovea. Optical coherence tomography enables live imaging of the retina, and shows that there is greater variation in the morphology of foveae in humans than previously thought. This variation is associated with differences in size of the avascular area and appears to be genetically based, but can be modified by environmental factors, including prematurity. Even when the fovea is absent (foveal hypoplasia), cones in central retina adopt an elongated and narrow morphology, enabling them to pack more densely to increase the sampling rate, and to act as more effective waveguides. Given these findings, what then is the adaptive advantage of a fovea? We suggest that the advantages of having a pit in central retina are relatively few, and minor, but together work to enhance acuity.
Introduction
Central retina is broadly defined as the part of the retina that regards the central visual field. A useful working definition of the 'central field' is the central 10 of visual angle. One degree of visual angle is imaged along approximately 0.3 mm of the human retina (Wandell, 1995) . Thus the central 10 of visual field projects onto approximately the central 3 mm of retina, or a region within 1.5 mm radius of the fovea centralis 2 positioned at 0 eccentricity. This is a slightly larger area than the region that contains the yellow macular pigments in humans, which is 4e6 in diameter (Fawzi et al., 2011; Trieschmann et al., 2008) , and is described ophthalmoscopically as the macula lutea (hereafter, the macula). The fovea centralis (hereafter, the fovea) is a specialization within that region, that is a depression in the surface of the retina, approximately 1.0 mm in diameter, at the centre of which is the 'foveola' e where the inner retinal layers are absent and the floor of the pit is lined with the cell bodies of cone photoreceptors. The foveola approximately coincides with the area of peak cone density in the photoreceptor layer, and in general is centred within a small region devoid of retinal vessels e the 'foveal avascular zone ' (FAZ) . The development and function of the primate fovea centralis has been the subject of study and conjecture for more than one hundred years, last reviewed in 1998 (Provis et al., 1998) . Since then there have been many advances in the approaches used to examine the anatomy of the fovea and its development, including theoretical modelling, molecular analyses and imaging technologies. A growing awareness of the significance of the FAZ in formation of the fovea, and the molecular mechanisms that define it has been critical. At the same time advances in in vivo imaging technologies have enabled visualization of the living photoreceptor mosaic, the capillary bed that defines the FAZ, as well as the morphological features of the foveal depression. These techniques, now applied to thousands of individuals, means that we now have an appreciation of the anatomical diversity of the central retina in humans, that previously was unrecognized.
Foveae feature in the retinas of many genera, but amongst mammals only in primates. However, not all primates have a fovea. Because we now understand that in primates, formation of a fovea is directly linked to specification of an avascular area, we will briefly consider the nature of central retinal specialization in afoveate species and the continuity with the primate fovea. The underlying theme is that central retina has evolved to enable us to see better e to resolve fine spatial detail, and colour. To this effect, the adaptations that have occurred include close packing and elongation of photoreceptors (especially cones), so-called 'Midget' circuitry that dominates the macular region, and refinement and specialization of the central retinal vasculature. The drivers of these processes necessarily include biological responses to the physical properties of light. Ultimately, we aim to identify the adaptations that contribute to high visual acuity and to understand which factors contribute to our vulnerability to age-related macular degeneration.
Anatomy of retinal specializations

Streaks, areae and foveae centrales
The anatomy of neuronal populations in the mammalian retina was studied intensively in the final quarter of the twentieth century. We now understand that mammalian retinas present a range of specializations in cell topography that are broadly associated with lifestyle (Hughes, 1977) . At one extreme, plains dwelling, nocturnal species (e.g., the rabbit) tend to have high densities of ganglion cells concentrated in a horizontal band extending along the naso-temporal (anterioreposterior) axis of the retina e the visual streak (Hughes, 1971; Provis, 1979) . At the other extreme, predatory species (e.g., cat) tend to have both photoreceptors and ganglion cells concentrated in a concentrically organized region in temporal retina, which regards the centre of the visual field e an (Hughes, 1975; Stone, 1978) . A third group comprises mainly nocturnal, insectivorous and fruit-eating species that occupy habitats where the view is obscured by vegetation, in which the retinal specializations comprise a combination of both visual streak and area centralis (Tancred, 1981) . In Strepsirrhine primates (e.g., lemurs, lorises, galagos), the area centralis is the most common form of retinal specialization (Dkhissi-Benyahya et al., 2001; Rohen and Castenholtz, 1967; Wolin and Massopust, 1970; Woollard, 1927) while the more highly specialized homologue, the fovea centralis, is (amongst mammals) unique to the Haplorrhine primates (tarsiers, monkeys and apes) (Rohen and Castenholtz, 1967; Wolin and Massopust, 1970; Woollard, 1927) , and found in combination with a less prominent visual streak in nasal retina (Stone and Johnston, 1981) . The distinction between isolated 'peaks' in cell density that occur in visual streaks, and the peak cell density that occurs in an area (and by implication, fovea) centralis has been discussed previously (Provis, 1979) . In essence, peak densities of neural elements at an area or fovea centralis occur at a location that is constant within the species, is within the region of binocular overlap, regards the centre of the visual field, and is thus positioned on the 'nasotemporal division' of the retina. That is, ganglion cells on the temporal side of the specialized area project to the same side of the brain, while those on the nasal side project to the opposite hemisphere (Bunt et al., 1975; Chalupa and Lia, 1991) .
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Adapting the retinal blood supply
Less well considered are the factors governing organization of the vasculature that supports retinal cell populations in the specialized areas. Not all mammals have a retinal blood supply (Buttery et al., 1990; Chase, 1982) , the occurrence of retinal vessels being highly correlated with retinal thickness (Buttery et al., 1991) . Increased retinal thickness, and in turn presence of retinal vessels, is generally associated with increased presence of cones in the outer nuclear layer (ONL). This is because the retinal circuits derived from cone photoreceptors involve less convergence onto bipolar and ganglion cells than rod pathways, so the inner nuclear layers are thicker, especially in the central region (Buttery et al., 1991) . While intra-retinal vessels relieve a potential undersupply of oxygen from the outlying choroid to inner retina, they are a confounder in the complex problem of providing a clear image of the visual field to the photoreceptors e because the vessels, and the blood cells moving within them, are located between the light source and the receptor elements. Where the photoreceptor layer predominantly comprises rods, the presence of retinal vessels is unlikely to have an impact on perception of the image of the visual field striking the retina. However, in central retina where cones are closely spaced and retinal vessels form shadows that fall across adjacent cones in the array, vessels can form images that are superimposed on the image formed by the lens, causing 'angioscotomas'. Studies of squirrel monkey visual system using cytochrome oxidase staining, show that retinal vessels emerging from the optic disc are represented in striate cortex, and in that retinal blood vessels separated by as little a 0.65 are resolvable (Adams and Horton, 2003; Horton and Adams, 2000) .
Mammalian retinas appear to have evolved a solution to this problem, which can be seen in the retina of the domestic cat e the most widely studied mammalian species with an area centralis (Fig. 1) . In the cat retina no large vessels cross the area centralis and only capillary-sized vessels are present in the central region (ChanLing et al., 1990; Henkind et al., 1975) . By minimizing the caliber of vessels crossing the photoreceptor mosaic at the area centralis, the risk of these structures and their contents being imaged in the cortex is removed.
The vascular structures in the retinas of the afoveate primates (the Strepsirrhini) have not been analysed in detail (to our knowledge), however, the descriptions available indicate that the arrangement of retinal vessels in the fundus of those primates closely resembles the cat (Johnson, 1901) (Rohen and Castenholtz, 1967; Wolin and Massopust, 1970; Woollard, 1927) . And, in foveate, Haplorrhine primates (tarsiers, monkeys and apes) the central retinal vascular specialization has evolved further such that the fovea is located within an FAZ (Fig. 1) . The significance of the relationship of the FAZ to acuity functions of the fovea has been discussed previously (Rodieck, 1988; Weale, 1966) .
Relationship between avascular areas and presence of a fovea
Studies of foveal development in macaques and marmosets show that the FAZ is defined before the foveal depression is formed (Hendrickson et al., 2006b; Provis et al., 2000) . Evidence indicates that during development, local factor/s expressed by ganglion cells at the incipient fovea prevent both the migration of astrocytes into the central area, and formation of blood vessels (Provis et al., 2000 ) (Kozulin et al., 2010 (Kozulin et al., , 2009a (Kozulin et al., , 2009b . Remodelling of the capillaries surrounding the fovea takes place postnatally (Hendrickson et al., 2006b; Provis and Hendrickson, 2008) , and several studies report that the diameter of the FAZ is reduced in infants born prematurely (Hammer et al., 2008; Mintz-Hittner et al., 1999; Wang et al., 2012) . Available data suggests that in this group foveal diameter is unaffected by a smaller FAZ, however, other parameters including thickness of the retinal layers are found to co-vary with prematurity and size of the FAZ (Akerblom et al., 2011; Hammer et al., 2008 ) Yanni et al., 2012) , supporting the idea that modification of the vascular architecture impacts on foveal structure. Because we understand that foveal morphology is influenced both by genetic and environmental factors like early birth, it is now important to establish consensus on which parameters can optimally measure variations in foveal morphology, so that degrees of variance attributable to genetic and environmental factors can be accurately evaluated (see 4.2 Normal variation in foveal morphology e OCT).
Indeed, the available evidence indicates that in primates definition of the FAZ is a prerequisite for development of a fovea. The zoological records indicate that a fovea occurs only in the context of an avascular area (Wolin and Massopust, 1970) . A caveat is that the nocturnal owl monkey Aotes has a partial, and perhaps inconsistent, fovea in a presumed avascular area. It has been suggested that in this species the fovea may be de-differentiating, due to the nocturnal habitat of the animal (Weale, 1966; Webb and Kaas, 1976) (Silveira et al., 1993) . Alternatively, there may be a fine capillary plexus present throughout the area, not detectable through the thick ganglion cell layer; or, there may not be an adequate proportion of midget-type ganglion cells in the ganglion cell layer to permit the centrifugal displacement of cells sufficient to form a distinct foveal rim (see 3.1 The role of mechanical forces e formation and remodelling).
The best evidence of the critical role the avascular area plays in formation of the foveal depression comes from the clinical literature, using in vivo imaging techniques, including high resolution fluorescein angiography and optical coherence tomography (OCT). Several studies now report absence of a fovea (foveal hypoplasia) directly linked with absence of the FAZ (Azuma et al., 1996; Marmor et al., 2008; McGuire et al., 2003) and critically, there are none that report presence of a fovea where the FAZ is absent. The findings strongly indicate that a foveal depression does not develop in the presence of retinal vessels (see, 3.1 The role of mechanical forces e formation and remodelling). Rather, when retinal vessels traverse the central area, the retinal specialization that forms is similar to the area centralis of Strepsirrhine retinas 3 (see, 4.3 Absence of the fovea: relationship to the FAZ).
Molecular factors define the FAZ
Identifying the factors that define the FAZ during development is key to knowing at least some of the prerequisites for formation of a fovea. This subject has received very little attention, even though several studies have addressed the question of differential gene expression in the mature foveo-macular region of the retina and pigmented epithelium (Bernstein et al., 1996 (Bernstein et al., , 1995 Dyer et al., 2009; Hornan et al., 2007) .
Anti-angiogenic factors
A microarray analysis of gene expression in the retina during the early phase of retinal vascular development (at 20 weeks' gestation, WG) identified 5 functional clusters of genes highly expressed at the developing macula, including a cluster of axon guidance factors (Kozulin et al., 2009b) . Further mining of the data also showed that 3 out of 17 known negative regulators of angiogenesis are differentially expressed in macular samples, including the well-characterised Pigment Epithelium Derived Factor (PEDF) (Becerra et al., 2004; Karakousis et al., 2001; Kozulin et al., 2010; Spranger et al., 2001) .
PEDF is expressed by ganglion cells (Karakousis et al., 2001) , as well as retinal pigmented epithelial (RPE) cells, but in the developing retina PEDF is more highly expressed by ganglion cells at the incipient fovea, and in the emerging fovea, compared to adjacent regions of the retina (Kozulin et al., 2010) . Based on its known anti-angiogenic properties (Bhutto et al., 2006; Spranger et al., 2001; Stellmach et al., 2001) it is reasonable to assume that the relatively high levels of PEDF expression at the incipient fovea prevent formation of retinal vessels locally, and play a key role in defining the FAZ.
Axon guidance factors
We carried out an analysis of the changes in the expression patterns of axon guidance factors over time. To do this, we carried out in situ hybridization for several guidance factors in macaque retinal sections between 55 days postconception (dPC) and 12 weeks postnatal. In each retinal section we compared levels of guidance factor expression at the macula and at a peripheral location, using the methods described for EphA6 in Kozulin et al. (2009a) . Examples of our findings are shown in Fig. 2 . The analysis indicates that the region of peak expression of a specific factor may be different before and after birth, suggesting that the same factor plays different roles at these different stages of development (Kozulin and Provis, unpublished) . Fig. 2 shows that at around the 3 Marmor et al., 2008 suggest the term 'fovea plana' which translates as the oxymoron 'flat pit'. Since the undeveloped fovea is an 'area centralis' in all respects (including vascular arrangements and photoreceptor concentrations) it would be more appropriate to use this term to describe absence of a fovea.
time the FAZ forms (100e110 days post-conception, dPC), Unc-5h4, Netrin G1 and EphA6 are expressed in similar ratios (macula:periphery). However, before and after this timepoint the levels of relative expression are quite different. In the early phase of gestation Netrin G1 is much more highly expressed at the macula compared to the periphery; after birth, expression levels of EphA6 are much higher in the macula compared to the periphery. This implies that in early development Netrin G1 may have a particular role in guidance of macular axons, possibly including guidance of axons away from the incipient foveal region and towards the optic disc. Such a role would be consistent with findings from small mammals indicating that Netrin/DCC interactions at the optic disc attract axons into the optic nerve (Shewan et al., 2002) .
Sequential roles for ephrins?
A body of literature shows that the Eph/ephrin family of axon guidance factors has a role in determining the overall layout of the retinotopic map in the visual nuclei in non-primates (Huberman et al., 2008 (Huberman et al., , 2005 . In general terms, ganglion cells expressing high levels of EphAs make connections in regions of the visual target nuclei where relatively low levels of the ephrinA ligands are expressed (McLaughlin et al., 2003a) . From these 'protomaps', more precise maps emerge through competition between cells for synaptic terminal field space. Some cells are eliminated, and for the remaining cells initially large synaptic territories are pruned. Studies show that gradients of such chemical factors are required to establish protomaps, and that correlated firing of ganglion cells is essential to subsequently refine the retinotopic map, to sharpen the receptive fields of ganglion cells in their visual targets, and to segregate eye-specific inputs (Eglen et al., 2003; Huberman et al., 2008; McLaughlin et al., 2003b; Pfeiffenberger et al., 2005) .
In developing human retina ephrin-A5, EphA5 and EphA6 are expressed in the ganglion cell layer (Kozulin et al., 2009a (Kozulin et al., , 2009b Lambot et al., 2005) . In the developing dorsal lateral geniculate nucleus (dLGN) there are complementary gradients of expression of the ligands, ephrinA5 and EphA7 where these factors likely act as substrates for eye-specific segregation (Lambot et al., 2005) . In humans this process begins in the first half of gestation. Early anatomical studies show axons leaving the optic tract and entering the dorsal thalamus at 7 WG, in a region that later becomes the dLGN (Cooper, 1945; Gilbert, 1935) . A recent study using the lipophilic dye, DiI, shows eye-specific segregation of inputs in the dLGN at 20 WG, even though differentiation of the laminae is not evident on routine inspection (Hevner, 2000) . In the retina, findings in macaques (Kozulin et al., 2009a) and humans (Lambot et al., 2005) indicate that relative levels of EphA6 are highest temporal peripheral retina during the first half of gestation implying a role for EphA6 in marking the input from the ipsilateral eye in the visual centres, including dLGN.
However, the relative expression of EphA6 continues to rise in the macula after the period of eye-specific segregation, becoming centred on the macula from around 100e110 dPC, and further increases in the postnatal period (Fig. 2 ). What then is the possible role of the very high levels of EphA6 expression present at the macula after eye-specific segregation?
We propose two possible answers to this question. First, an hypothesis is that EphA6 expression by foveal/macular ganglion cells 'advantages' them during the period of retinotopic map refinement. High levels of EphA6 may 'mark' the central ganglion cells and possibly confer advantage in competition for synaptic space. Such a mechanism might ensure that ganglion cells in central retina have optimum opportunity to survive competitive interactions at the level of the dLGN, to provide generous input from the central visual field to striate cortex.
Second, it appears that EphA6 expression at the macula has an impact on the patterning of retinal blood vessels. The two ligands of EphA6 (ephrin-A1 and -A4) are expressed by migrating astrocytes in developing human and macaque retinas (Kozulin et al., 2009a) . Typically, signalling between EphAs and ephrin-A receptors is repellant, such that high levels of Eph receptor expression repels cells that express the complementary ligand/s (Huberman et al., 2008; McLaughlin et al., 2003a) . Astrocytes invade the retina at 14e15 WG in humans and lead developing retinal vessels across the retina in a stereotypical pattern. They regulate proliferation of trailing endothelial cells by expressing the pro-angiogenic factor, VEGF (reviewed in Provis, 2001 ). Thus, retinal vessels do not form in regions that astrocytes do not invade. Based on this we propose that the gradient of EphA6 expression in the macula repels astrocytes, slowing their rate of migration towards the fovea and resulting in the delayed the formation of retinal vessels in the macula (reviewed in Provis, 2001) . A critical level of EphA6 expression by foveal ganglion cells would define an astrocyte 'no-go' zone.
Thus the evidence to date indicates that the FAZ is defined by the combined effects of expression gradients of both EphA6 and PEDF: first, a gradient of EphA6 expression that regulates the rate (and possibly the path) of migrating astrocytes; and second, a gradient of PEDF expression that negatively controls proliferation of endothelial cells in the foveal region.
Interestingly, the EphA6-mediated component of this process appears to 'piggy-back' on a mechanism likely to have evolved primarily to establish a mapped representation of the central visual field in the brain. Expression of EphA6 ligands by astrocytes simultaneously allows for the same factor to control growth of retinal vessels in the macula and obviate the possibility of angioscotomas. It is likely that modification of the expression patterns of EphA6, PEDF and other yet unidentified factors is the cause of small FAZ associated with prematurity (Mintz-Hittner et al., 1999; Yanni et al., 2012) , or absent FAZ associated with foveal hypoplasia (Azuma et al., 1996; Marmor et al., 2008; McGuire et al., 2003) .
Formation of the Fovea
The role of mechanical forces e formation and remodelling
The relationship between formation of the foveal depression, and presence of the FAZ has been modelled using finite element analysis (Springer and Hendrickson, 2004a, 2004b; Springer, 1999; Springer and Hendrickson, 2005) . Fundamental to this modelling is Relative levels of expression of 3 guidance factors in the macula of macaque monkey retina during prenatal and early postnatal development. Both Netrin G1 and Unc-5h4 mRNAs tend to be uniformly distributed across the retina in late development and post-natal. However, expression of EphA6 continues to rise at the macula after birth (w174 dPC), suggesting that it may be playing a role in defining synaptic territories in the brain in the postnatal period.
the tenet that the FAZ confers differential elasticity to the retina, since the surrounding regions have a degree of rigidity owing to the presence of the vascular network in the superficial layers, and are less responsive to mechanical forces. The mechanical forces that act on the developing retina are identified as first, a tangential force e retinal stretch e generated by ocular growth; and second, an orthogonal force generated by intraocular pressure. The modelling suggests that either intraocular pressure or retinal stretch are sufficient to generate a fovea in the more elastic region (Springer and Hendrickson, 2004a) . However, because the foveal depression first emerges during a period when there is a relatively slow rate of ocular growth e and therefore little retinal stretch e it is concluded that the foveal depression forms just as the FAZ becomes fully defined, under the influence of intraocular pressure. The model also suggests that postnatal remodelling of the fovea, in which a narrow and deep pit becomes a wider and more shallow depression, is largely due to retinal stretch since this change coincides with a period of rapid growth of the eye (Springer and Hendrickson, 2005) . This is consistent with Van Essen's proposal (1997) that tension along parallel fibres, including axons, contributes to compactness of neural circuity, and influences morphogenesis of the cortex and fovea.
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A controversial feature of the finite element analysis model has been the suggestion that the tensile forces generated by retinal stretch also generate axial 'lifting forces' that promote elongation of photoreceptors within the FAZ to mediate cone packing, or crowding, in the foveal cone mosaic (Springer, 1999; Springer and Hendrickson, 2005) . However, packing of cones in the photoreceptor mosaic of central retina commences prior to definition of the avascular areas (Diaz-Araya and Provis, 1992) , and in other primates cone packing in central retina is present in the absence of a fovea and FAZ (see below 3.2 Photoreceptor elongation, crowding and packing density) suggesting that other factors mediate the packing of cones in the foveal cone mosaic. Furthermore, the OCT evidence shows that many individuals lacking a fovea and FAZ have features in central outer retina that are consistent with normal cone packing densities, and may have visual acuity in the normal range (see 4.3 Absence of the fovea: relationship to the FAZ).
Photoreceptor elongation, crowding and packing density
Quantitative data that documents morphological adaptation of the central photoreceptors during development, has been derived from only 3 (foveate) species e human, macaque and marmoset. Relatively little is known about other primate species, particularly the Strepsirrhine (afoveate) species. However, descriptive studies suggest that elongation and accumulation of photoreceptors in the Rohen and Castenholtz, 1967) . Five standard retinal sample locations are indicated in the upper drawings. Retinal thickness is represented in the lower diagrams by horizontal bars, drawn to scale (bottom of the diagram). The thickness of each layer, and the lengths of the inner and outer segments, is indicated by the striped segments, at the right-hand end of each histogram; black bands indicate the thickness of the cellular layers (outer nuclear (ONL), inner nuclear (INL) and ganglion cell layers (GCL), from right to left); white bands represent the intervening plexiform layers, and the nerve fibre layer (left-hand end of each histogram). The numbers show the ratios of cells in the cell layers at each location (GC:INL:ONL). The illustration shows that in all cases, the photoreceptors at the posterior pole are significantly elongated compared to the periphery. In Galego senegalensis, the photoreceptors in the area centralis (location 3) are almost twice the length of photoreceptor segments in the periphery. The data indicate that a fovea is not required to generate photoreceptor elongation, and hence packing, of central photoreceptors.
central region is a common feature (Wolin and Massopust, 1970; Woollard, 1927) . In addition, semi-quantitative data from a wide range of afoveate and foveate primates is available from a study carried out by Rohen and Castenholtz (1967) . Those authors examined and compared the thickness of the retinal layers at 5 standardized locations in retinae with area centrales, or foveae centrales, and represented the findings diagrammatically e some of which are shown in Fig. 3 . The data indicate that significant elongation and packing of photoreceptors occurs in the central area of the retina even in the absence of a fovea e and that the trend is stronger in some species (e.g., Lemur catta, Galego senegalensis) than others (e.g., Indri indri). The data from the species presented in the column to the right in Fig. 3 indicate that elongation is more pronounced in the presence of a fovea.
Those data point to mechanism/s that mediate elongation photoreceptors and facilitate cone packing, or crowding, in the absence of a fovea centralis. Another line of evidence pointing in this direction is that during early development photoreceptors at the posterior pole begin to become more elongated and more tightly packed, prior to emergence of the early fovea. In humans this amounts to a change in cone density from w14K/mm 2 at 13 WG to w28K/mm 2 by 24 WG, without addition of new cells (Diaz-Araya and Provis, 1992) . We now understand that the process of packing foveal cones into the central photoreceptor mosaic is 'suspended' during the early formation of the fovea, from around 25 WG in humans (or w110 dPC in macaques) until the postnatal period. In effect maturation of the foveal region, including elongation of cones, is delayed relative to maturation of the para-and peri-fovea until after birth in humans, macaques and marmosets e these being the only 3 species that have been studied (Abramov et al., 1982; Cornish et al., 2005; Dubis et al., 2012a; Springer et al., 2011) .
Changes in cell shape mediate increases in cone density
When cones first exit the cell cycle they are cuboidal in shape, and become columnar before the inner and outer segments emerge and lengthen in late gestation and early postnatal life (Hendrickson and Yuodelis, 1984) . In late gestation foveal cones begin to elaborate a long axonal process in late gestation (fibres of Henle) then undergo elongation over a protracted period of time in the postnatal phase. During this period the differentiating cones have a very distinctive distribution of FGF receptors in different region of the cell membrane, as illustrated in Fig. 4 . This elongation of cones at the posterior pole, in the presence of strong cellecell associations between neighbours, mediates the increases in cone density at the posterior pole, and in the fovea during early development and in the postnatal phase.
Fibroblast growth factor 2 (FGF2) is a well-known morphogenetic factor. Analysis of FGFR and FGF2 expression by cone photoreceptors in the developing macaque retina before, during and after the emergence of the early fovea (Fig. 4) suggests a role for FGF signalling in cone morphogenesis (Cornish et al., , 2004 . In particular, FGF2 expression (Fig. 4 ) and FGFR4 expression (not shown) is elevated in foveal cones during the postnatal period when they are rapidly elongating, but is significantly downregulated during the period that differentiation of cones in the fovea is suspended . Expression levels of mRNA encoding FGF2 expression in ganglion cells does not vary over the same period in the same sections, indicating that these effects are specific to foveal photoreceptors. The findings strongly suggest that elongation e and hence the packing e of cones in the central fovea is mediated by FGF signalling. Further exploration of the effects of FGF signalling on cone morphogenesis in murine models or zebrafish is needed to better understand these processes.
Excavation of the inner retina e the significance of 'midget' pathways
An aspect of foveal development that has not (to our knowledge) been canvassed previously is the role that the midget ganglion cell pathways located within the FAZ may play in determination of foveal morphology. The morphology of the early foveal depression is quite different from the mature depression (Fig. 5) . The early fovea is a very shallow depression in the ganglion cell layer (GCL) that is marginally thinned compared to the rim; the thicknesses of the inner plexiform and inner nuclear layers are virtually unchanged, as illustrated in Fig. 5A and B. This early form Hendrickson and Yuodelis, 1984) . B: Histograms showing the levels of expression of the morphogenetic growth factor, FGF2 by cones 3 retinal locations at 5 timepoints. The locations are numbered for comparison with Fig. 3 e '4', Fovea; '5' Parafovea; '2', Posterior pole (nasal side). The data show that FGF2 is expressed at high levels in foveal cones before (95 dPC) and after (4mo postnatal) formation of the fovea, but not during (105dPC to birth). Asterisks indicate a significant difference in the level of FGF2 expressed. During early formation of the fovea, in utero, cones are slow to elongate and have low levels of FGF2 mRNA. After birth they elongate rapidly, and express high levels of FGF2. C: Section through a macaque fovea at 150 dPC, indicating the 3 locations (4, 5 and 2) where FGF2 expression was measured, to generate the histograms. Note that cones on the edge of the fovea (5), which express high levels of FGF2, are considerably more elongated than those in the central fovea, which express significantly lower levels of FGF2. INL, inner nuclear layer; GCL, ganglion cell layer; p/r photoreceptors; dPC days postconception.
of the fovea transforms quite quickly into a profile that shows a dramatically thinned GCL, due to displacement of GC out of the FAZ (Fig. 5C) , and onto the foveal rime. This rapid change can be explained in terms of the predominance of midget circuitry within the FAZ, in which the majority of bipolar cells are 'midget bipolar cells' that connect to a single cone in the ONL and a single ganglion cell in the GCL. This arrangement would allow each element of the midget output pathway (cone e bipolar cell e ganglion cell) to respond to foveogenic forces independent of its neighbours.
Because parasol cell circuits are converging, and a single parasol ganglion cells gets input from multiple 'diffuse' bipolar cells they cannot be so readily displaced. In the macaque fovea, it is estimated that each parasol ganglion cell receives input from 30 to 50 cones, via 5e10 diffuse bipolar cells (Grünert et al., 1993) . Hence displacement of a single parasol ganglion cell to generate a foveal depression would require rearrangement of many interconnected cells. In macaque retina parasol ganglion cells comprise about 5% of the GC population within 500 mm of the central fovea, and those present in the foveola have large, distorted dendritic fields, suggesting that their processes have been drawn in opposing directions during formation of the depression (Grünert et al., 1993) . A larger proportion of parasol cells in the central region would likely mean that larger numbers of GC stayed in the foveola.
Thus, an important factor contributing to foveal morphology is the relative proportion of midget and parasol circuits present in the FAZ. Any FAZ in which parasol cell pathways were predominant would probably have a depression with an intact GCL, regardless of the types of foveogenic forces acting there. Conversely, the evidence suggests that a predominance of midget pathways is necessary to generate the foveal morphology commonly seen in the Haplorrhine primates, including humans.
A diagrammatic representation of four stages in the development of the primate fovea is shown in Fig. 6 . The drawings depict midget-like circuits, involving a cone photoreceptor (red), a bipolar cell (blue) and a ganglion cell. A few rods are also shown (grey) and a notional amacrine cell type (pink); RPE cells are shown in dark blue. The approximate age represented by each image is indicated. The large grey arrows indicate the direction of the forces active at each stage.
Before the fovea forms (Fig. 6A) retinal cells tend to be displaced en masse towards the incipient fovea. This effect has previously been referred to as centripetal displacement, and affects all cell layers, resulting in the central retina being very thick prior to formation of the fovea. The depression begins to form in the avascular zone, probably as a result of IOP acting perpendicular to the retinal plane (vertical arrow, Fig. 6B ), while the centripetal displacement of photoreceptors continues in the outer retina (large arrows). From around the time of birth (Fig. 6C ) ganglion cells as well as bipolar and amacrine cells, are displaced away from the central fovea e socalled centrifugal displacement; this is indicated by the large arrows in the central inner retina. At birth there is a clear delay in the morphological development of the fovea cones; their inner and outer segments are much shorter than those on the foveal rim, and their axonal processes are just beginning to elongate. On the foveal rim, cone cell bodies have begun to stack so that there are now 2e3 layers of cells where they previously formed a monolayer.
The blood vessels that encircle the fovea develop anastomoses across the different layers at around birth, or just after. Within a few weeks (Fig. 6D ) excavation of the fovea has progressed so that there are relatively few ganglion or bipolar cells remaining in the pit. The inner and outer segments of the foveal cones have elongated so that they are longer than those on the rim; the cell bodies of the foveal cones are beginning to stack, and the pedicles of the cones are displaced out of the fovea. The changes that occur before the fovea is mature (as in Fig. 5D ) include further elongation of the foveal cones, and more stacking of cell bodies e to achieve maximum packing density; further elongation of the axonal processes of foveal cones; displacement of pedicles, bipolar cells and ganglion cells out of the fovea, so that the cone cell bodies line the floor of the fovea, which in Fig. 5 . Excavation of the fovea during development (macaque, AeC), and in the mature fovea in a 77 year old human donor (D). A: Before the fovea forms, the location of the future fovea can be identified by the predominance of cones, seen as a single layer of cuboidal cells in the ONL. The GCL comprises many layers of ganglion cell bodies. B. In the very early fovea the GCL is thinner than at 95 dPC, but the depth of the other retinal layers is virtually unchanged. C: Ganglion cells are displaced from the early fovea very quickly, so that within a short period of time the GCL comprises only one layer of cells, as seen here. Morphological evidence of displacement includes the outward angling of the axons of cones forming the layer of Henle fibres, except those in the fovea. In addition, processes of bipolar cells can be seen obliquely crossing the transient layer of Chievitz (*), to synapse on their target ganglion cells that have been centrifugally displaced. D. In the adult fovea there are very few ganglion cells present centrally, and cone cell bodies lie close to the surface of the retina. The elongated inner and outer segments constitute more than 50% of the retinal thickness within the fovea. INL, inner nuclear layer; IPL, inner plexiform layer; fH, fibres of Henle; GCL, ganglion cell layer; ONL, outer nuclear layer; OPL, outer plexiform layer; dPC days postconception. Scale bars represent 50 mm. Red lines represent the approximate arrangements of the retinal vessels. A: Indicating the appearance of the central macula just prior to the early appearance of the fovea. Retinal vessels are present only in the GCL, and the GCL comprises several layers of cells. At this stage cells in all layers tend to crowd towards the incipient fovea (centripetal displacement), as indicated by the large grey arrows. Photoreceptors on the edge of the foveal cone mosaic (where rods are absent) are more elongated than those in the centre. B: Once the FAZ is defined, the inner surface of the retina within the FAZ is deformed, forming a shallow depression, which is the first indication of formation of the fovea. The force that deforms the retina within the FAZ seems likely to be intraocular pressure. Centripetal displacement of cells in the outer layers of the retina continues, as indicated by the large grey arrows. Cones outside the fovea are narrower and more elongated than those within the developing fovea. C: By birth the GCL is significantly reduced in thickness, due to the centrifugal displacement of ganglion cells (indicated by arrows in the inner retina). However, all cell layers are present within the fovea at birth. Retinal vessels are present in the INL, although anatomosis between the layers is not complete. Cones on the foveal rim are significantly elongated, the cell bodies are stacked, and their inner segments are distinct. Cones in the fovea remain in a monolayer, are less elongated and have only rudimentary inner and outer segments. D: In the first few weeks postnatal, cones in the central fovea differentiate rapidly so that by 1e2 months the central cones are more elongated and have longer axons (fibres of Henle) than those on the edge of the fovea (compare with C). Ganglion cells, bipolar cells and the synaptic pedicles of cones have been displaced from the central fovea. The perifoveal capillaries have formed an anastomosis around the fovea. The mature form of the fovea (not shown e see Fig. 5D ) continues to develop over a period of many months, and includes further centripetal displacement of photoreceptors (increasing photoreceptor density in the foveola), continued centrifugal displacement of bipolar and ganglion cells, and morphological remodelling of the shape of the depression. INL, inner nuclear layer; ILM, inner limiting membrane; IPL, inner plexiform layer; IS/OS, inner and outer segments; ELM, external limiting membrane; GCL, ganglion cell layer; NFL, nerve fibre layer; ONL, outer nuclear layer; OPL, outer plexiform layer; P, postnatal; RPE, retinal pigmented epiltheilum; WG, weeks' gestation. the adult is virtually devoid of other cell types. The fovea will also become shallower, and the foveal slope more gradual, as the retina is stretched by ocular growth.
Lessons from in vivo imaging
Introduction to in vivo imaging
Much of what we know about foveal anatomy derives from histological analysis of images like those shown in Fig. 5 . This approach has provided snapshot views of the developing macula and cellular structure of adult morphology. However, such an approach can only provide data about foveal morphology at a single timepoint, and in only a single plane of section. Recent years have seen the emergence of advanced imaging technologies that enable in vivo evaluation of the living retina. The ability to non-invasively assess foveal morphology, the avascular area, and photoreceptor density permits longitudinal studies in large populations. This new era of research in retinal structure and function promises to provide valuable insight into this important retinal area.
Optical coherence tomography (OCT) systems are based on interferometry, where light is sent through a sample arm and a reference arm and backscattered light from the sample is combined with that from the reference arm to generate an interference signal (Huang et al., 1991) . The depth information of the reflected source is frequency encoded, with deeper reflections occurring at higher frequency. OCT provides images of the retinal layers, but current clinical devices lack cellular resolution due to the imperfect optics of the eye. Adaptive optics (AO) can be added to an imaging system to overcome the optical imperfection (aberrations) of the eye. AO systems have been incorporated into several imaging modalities, including fundus cameras, laser scanning ophthalmoscopes and OCT systems (Miller et al., 1996; Zhang et al., 2005) . The function of an AO system is to measure and correct aberrations of the human eye, to provide near diffraction-limited imaging. Several groups have now shown that it is possible to image both rod and cone photoreceptors, including foveal cones, the smallest photoreceptor cells in the retina Merino et al., 2011; Rossi et al., 2011) . Much work has also been done to characterize the normal cone photoreceptor mosaic Li et al., 2010; Song et al., 2011) . In addition, many groups have developed motion-based techniques to examine the retinal vasculature, which makes it possible to noninvasively measure blood velocity and visualize the smallest foveal capillaries Tam et al., 2010; Tam and Roorda, 2011) .
Imaging devices that combine AO and OCT provide facility for studying the human retina in vivo, with resolution now beginning to approach that of histological methods. Several studies validating new imaging methods with histology have also been done (Brown et al., 2009; Drexler et al., 1999; Huang et al., 1991) . These studies provide insight into the anatomical correlates of features visible on in vivo images (Fig. 7) . While most retinal layer correlates are well established (Catier et al., 2005) , new debate has arisen on the precise correlates of the photoreceptor layer features in OCT images Spaide and Curcio, 2011) . With the advent of these new technologies, there is a resurgence of interest in the anatomy and development of the fovea, providing the opportunity to study development of the fovea longitudinally, and to investigate in more detail the effects of premature birth and retinopathy of prematurity on foveal development (Dubis et al., 2012a; Maldonado et al., 2011; Vajzovic et al., 2012; Yanni et al., 2012) .
Normal variation in foveal morphology e OCT
Many histological studies of the human fovea have been conducted over the last century, and more (Bach and Seefelder, 1914; Chievitz, 1888; Hendrickson and Yuodelis, 1984; Magitot, 1910; Mann, 1928; Polyak, 1941; Yamada, 1969) . However, amongst these there is little if any, reference to individual variation in morphology, likely due to the relatively small number of retinas that have been examined. Non-invasive OCT imaging, has recently enabled an overview of foveal morphology in much larger sample, including normal and diseased eyes, revealing much greater diversity in morphology than previously anticipated (Dubis et al., 2012b (Dubis et al., , 2009 Hammer et al., 2008; Tick et al., 2011; Wagner-Schuman et al., 2011) .
One factor that has hampered comparison of findings from different teams has been a lack of consensus on the terms and methods used to define the different features of foveal morphology. These include pit depth e typically defined as the distance from the base of the fovea to a plane connecting the overlying foveal rim, or from the base to the level at which the fovea reaches a lateral radius of 728 mm; width/diameter e defined as either the subjective or objective rim-to-rim diameter or width of the region where nerve fibre layer is absent; slope e defined as either the average or maximum slope between the foveal centre and the rim; and foveal inner retinal area e the cross-sectional area of the inner retinal tissue within 500 mm of the foveal centre, bordered by the fovea, the internal limiting membrane, and the outer plexiform layer (Dubis et al., 2012b (Dubis et al., , 2009 Hammer et al., 2008; Kirby et al., 2009; Nolan et al., 2008; Tick et al., 2011) . Other groups have investigated the reflex pattern caused by the pit (Delori et al., 2006) and peak ganglion cell area (Knighton et al., 2012) . There has been a move towards unifying terminology, including the use of foveal volume as a measure of overall size (Dubis et al., 2012b) . This measure has the advantage of capturing multiple aspects of foveal morphology, including depth and diameter. In the face of the varied metrics to describe the fovea, there remains a need for convergence on some objective measurements of fovea morphology, particularly for the purposes of comparing findings and developing measures that can be applied reliably in a clinical setting.
Despite these practical issues, diversity in foveal morphology has been identified in a number of studies. Hammer et al. (2008) examined five normal controls and found a mean (AESE) fovea depth of 121 AE 4.3 mm. They defined pit depth as the distance from the base of the pit to an arbitrarily chosen point where the pit reached a radius of 728 mm. Chui et al. (2008) used Spectralis spectral domain OCT to image eight normal emmetropic eyes and fit an 8th order polynomial equation to the foveal contour to extract foveal depth, reporting a mean (AESD) pit depth of 137.56 AE 15.53 mm. One of the largest published collections of foveal metrics is derived from 180 subjects (Dubis et al., 2012b (Dubis et al., , 2009 Wagner-Schuman et al., 2011) and show significant variation in foveal morphology in a normal population, finding rim-to-rim diameter to vary by a factor >2 (1.12e2.57 mm), and depth to vary by a factor of at least 5.5 (0.032e0.176 mm).
Several groups have investigated race and gender as variables that affect foveal morphology. With respect to gender, Delori et al. (2006) used fundus reflectometry to estimate the diameter of the foveal depression in 18 subjects, finding that women had a significantly larger radius of foveal reflex than men (0.27 AE 0.07 vs 0.16 AE 0.04 , respectively). The authors interpreted this to mean that females have a "flatter foveal floor and/or broader foveal depression" (Delori et al., 2006; p529) . This finding, however, conflicts with other reports (Kirby et al., 2009; Wagner-Schuman et al., 2011) . A difficulty with using the foveal reflex as a parameter is that it is confounded by differences in axial length. Although a correction for refractive error was applied, on average men have longer axial lengths than women (Fotedar et al., 2010; Miglior et al., 1994) , which can result in an underestimate of the radius of curvature of the ILM surface in men, compared to women. Nolan et al. (2008) used time domain OCT to examine foveal width, and found no significant gender difference in a sample of 59 subjects. Of the two approaches, one showed females to have slightly larger foveal diameters (Delori et al., 2006) while the other showed males to have larger diameters (Kirby et al., 2009) . Another study (Wagner-Schuman et al., 2011) based on 90 subjects, including 43 females, in which differences in retinal magnification were accounted for, found no difference in foveal depth or diameter between the sexes.
In contrast, race is consistently and significantly correlated with differences foveal morphology (Nolan et al., 2008; WagnerSchuman et al., 2011) . Comparison of Caucasian and African/African American groups shows significant differences in pit depth, and diameter (Wagner-Schuman et al., 2011) such that Africans and African Americans are found to have significantly wider and deeper foveae than Caucasians (Fig. 8AeF) . Consistent with this, another study finds white subjects to have significantly narrower foveal width measurements than non-white subjects (Nolan et al., 2008) , although the magnitude of the difference reported is less than that reported by Wagner-Schuman et al. (2011) . A likely explanation for the discrepancy is the mixed composition of the 'non-white' group which includes 5 Indian (who are in most contexts considered Caucasian), 6 Asian, 3 Hispanic/Spanish, and 4 Blacks, combined with the fact that individual differences in axial length were not taken into account (Nolan et al., 2008) . This omission can result in mis-estimations of foveal diameter of up to 13% regardless of the method used to measure foveal diameter. Despite these issues, both studies indicate there is a genetic component that impacts foveal morphology. The developmental mechanism/s responsible for this and the implications for disease continue to be of interest.
Absence of the fovea: relationship to the FAZ
Absence of a fovea (foveal hypoplasia) occurs in a number of conditions including congenital nystagmus, in association with some Pax6 mutations, and with albinism (Azuma et al., 1996; Kinnear et al., 1985; Oetting et al., 1994; Oliver et al., 1987; Sonoda et al., 2000) . The morphology of the FAZ is more difficult to detect by opthalmoscopy, but has been investigated using techniques such as entoptic viewing (Bradley et al., 1992; Levi et al., 1987; Zeffren et al., 1990 ) and fluorescein angiography (Zheng et al., 2010) , as well as high-resolution imaging tools like OCT (Kim et al., 2011; Wang et al., 2011) , AOSLO (Tam et al., 2010) , and flood-illuminated AO ophthalmoscopy (Popovic et al., 2011) . Collectively these studies show that the size of the FAZ is highly variable. Correlations of FAZ and foveal morphology also include findings indicating that patients with a history of retinopathy of prematurity have a small or absent FAZ (Mintz-Hittner et al., 1999) and modified foveal architecture, including increased retinal thickness within the fovea (Hammer et al., 2008; Wang et al., 2011; Yanni et al., 2012) . Furthermore, two studies now show significant positive correlation between FAZ diameter and foveal size/volume (Dubis et al., 2012b; Tick et al., 2011) adding weight to the hypothesis that FAZ and foveal morphology are closely linked, as described above (2.3 and 2.4).
The best studied of these groups are those with oculocutaneous albinism (OCA) and ocular albinism (OA) e who appear to lack an FAZ and have foveal hypoplasia (Marmor et al., 2008; McAllister et al., 2010; Seo et al., 2007) (Figs. 8GeI and 9) . OCA is further associated with retinal anomalies and visual deficits including loss of an annular reflex (Lee et al., 2001 ) and reduced visual acuity. The anomalies of visual function have been attributed to a number of factors, including wiring errors in the brain (Kaas, 2005; Schmolesky et al., 2000) , absence of melanin synthesis and maldevelopment of the fovea, per se (Seo et al., 2007) .
The associations are not clear-cut, however. For example, some individuals with residual enzyme activity and some melanin pigment in the macula have decreased visual acuity, while others with poorly defined foveas have relatively normal visual acuity (Harvey et al., 2006; Summers, 1996) . Furthermore, prior to the application of OCT to the question, both histological and physiological studies arrived at a range of different, often conflicting conclusions, regarding the impact of albinism on the macula, in particular the cone mosaic. For example, Fulton et al. (1978) found by histology that central cone density in a patient with OCA was significantly decreased compared to values normally found in the parafoveal region, while another histological study detected increased cone density in the fovea area compared with the periphery (Akeo et al., 1996) . Wilson et al. (1988) measured grating acuity in two OCA patients and found a defect in spatial processing in the central retina that was best explained by an increased spacing of the central cone photoreceptors while multifocal electroretinogram findings have inferred that the density of cone photoreceptors across the central retina is uniform in OCA (Kelly and Weiss, 2006) and also in ocular albinism (OA) (Nusinowitz and Sarraf, 2008) .
The broad spectrum of phenotypes associated with foveal hypoplasia, including the wide range of albinotic phenotypes, is a valuable experimental group which can be used to evaluate the relationship of the FAZ with (i) morphology of the fovea, (ii) packing of cones in the central cone mosaic, and (iii) visual function. An investigation of 4 individuals (2 albinotic, and 2 normally pigmented) lacking a fovea, carried out by Marmor et al. (2008) found absent FAZ, combined with normal multifocal ERG responses, acuities in the low end of the normal range, thickening of the central ONL associated with lengthening of inner an outer segments by OCT, and normal cone diameters in the central 1e2 of retina (by adaptive optics). Although based on a small sample, the findings suggested that absence of a fovea does not necessarily have a major impact on visual function. A second study (McAllister et al., 2010 ) also used AO devices and commercial OCT systems to evaluate four individuals with OCA1B and two with OA1. The findings show varying degrees of cone specialization and 'foveal' morphologies e ranging from presence of a dome, through to shallow pits e supporting the idea that normal foveal development is 'arrested' in individuals with albinism (Wilson et al., 1988) and that significant central cone specialization can occur in the absence of a fovea (Fig. 9) . It has also been noted that in anencephaly, foveal cone specialization (cone packing and elongation) occurs in the absence of a fully formed fovea (Hendrickson et al., 2006a) . The data indicate that the factors which mediate cone specialization in central retina are complex, and do not support the passive/mechanical model proposed by Springer (1999) . Fig. 9 . An example of an AOSLO image of the photoreceptor mosaic, from the same albinotic individual as illustrated in Fig. 8(GeI) . Peak cone density in this individual was at the lower end of the normal range (97,182 cones/mm 2 ). The image shows evidence of a narrowing of apertures in the cluster of cones seen just below the centre of the image, and just above the fixation point (indicated by the asterisk). Scale bar represents 100 mm. 
The FAZ, photoreceptor density and the fixation point
It is widely accepted that during fixation foveal photoreceptors are oriented towards the object of interest (Barlow, 1952; Walls, 1937; Weymouth et al., 1928) . Relatively few studies, however, have attempted to identify where the fixation point falls within the foveal photoreceptor mosaic (Bradley et al., 1992; Putnam et al., 2005; Rossi and Roorda, 2010; Zeffren et al., 1990) . Entopic viewing has been used by both Zeffren et al. (1990) and Bradley et al. (1992) to map the FAZ in 26 eyes (14 subjects), finding that on average, the retinal point of fixation is 65 AE 50 mm (AESD) from the geographic centre of the FAZ. They found no correlation between this value and size of the FAZ. More recently, AO has been applied to this question (Putnam et al., 2005) . These investigators directly imaged the central foveal cone photoreceptor mosaic in 5 subjects with stable fixation (AE17 mm) using AO, and a CCD camera aligned such that the centre of the fixation target fell at the centre of a 512 Â 512 CCD array. Using this approach the authors were able to show that the region of peak cone density in the foveal cone mosaic is not always used for fixation. These studies indicate that the locus of fixation is on average 50 mm from the locus of peak cone density. Further studies are required to establish the locus of the peak cone density in relation to the geometrical centre of the FAZ.
Development of the fovea e OCT
Maturation of the fovea and central photoreceptors in nonanesthetized premature infants has recently become the subject of a number of in vivo studies, using hand-held spectral domain OCT devices (Dubis et al., 2012a; Maldonado et al., 2011; Vajzovic et al., 2012) . Because the fovea begins to emerge between 25 and 27 WG, a significant number of premature infants that survive very early birth will have foveas that develop entirely in the ex utero environment. The findings from these studies show that foveal development ex utero is comparable with in utero development, based on histological findings (Maldonado et al., 2011; Vajzovic et al., 2012) , and that the range of foveal morphologies detected in adult retinas appears to be evident in the individual differences in foveal morphology apparent early in development (Dubis et al., 2012a) . Histological studies also suggested that foveal cones may take up to several years to reach adult proportions (Hendrickson and Yuodelis, 1984; Yuodelis and Hendrickson, 1986) although the OCT studies now indicate that maturation of foveal cones occurs over a period as short at 18 months (Dubis et al., 2012a; Maldonado et al., 2011) .
The use of OCT to track development of the fovea has highlighted an observation initially made around 100 years ago, featured in the drawings of developing retina published by Bach and Seefelder (1914) and re-published in the seminal work on development of the human eye by Mann (1928) . That is, that the cones that line the developing fovea are the very last to elongate and obtain adult-like morphology (see 3.3 Photoreceptor elongation, crowding and packing density). Thus in OCT images of preterm retinas and newborn retinas only a single hyper-reflective band can be seen in outer retina, whereas in adult retinas 4 hyper-reflective bands are present (Maldonado et al., 2011) . Comparison of histological images with OCT images at selected developmental timepoints has shown that emergence of the multiple bands in outer retina is closely correlated with morphological development of photoreceptors, and particularly the elongation of the inner and outer segments of the foveal cones (Dubis et al., 2012a; Hendrickson et al., 2012; Vajzovic et al., 2012) .
Adaptive advantages of a Fovea?
What then is the optical value of the fovea? The conventional wisdom is that the inner retinal elements, that might blur or scatter light, including cells and their processes, are swept aside for the sake of high acuity vision. Psychophysical data show that only within the central fovea is resolution limited by cone spacing; immediately outside the foveal centre resolution is better matched to the sampling limits of Midget ganglion cells (Rossi and Roorda, 2010) . However, surprisingly little hard evidence has been presented to demonstrate why this is the case.
Both the nerve fibre layer (NFL) and the Henle layer are made up of bundles of axonal processes which on OCT are highly scattering; this scattering should be worse at visible wavelengths, compared to the long wavelengths used for OCT imaging. So one optical advantage of the fibre arrangements seen at the fovea is that the radiating pattern of axon bundles in the NFL surrounding the fovea, and the thinner Henle fibre in central fovea (cf. parafovea), is in the reduced light scatter. However, the profile of the pit seems to have little obvious optical benefit (Williams, 1980) , and as discussed above (2.3 and 4.3) visual acuity in Foveal hypoplasia is in the normal range, for some individuals. What role/s then does the pit play in enhancing resolution at the fovea, if any?
Photoreceptors act as waveguides
A striking feature of a fovea is the narrowing and elongation of the central-most inner and outer segments, which allows for their packing at high spatial density. The high density is important for improving the spatial sampling in the central photoreceptor array. Their narrow diameter, combined with particular physical properties (having a dense core surrounded by less dense material) means that they will operate as highly effective waveguides for visible light (Snyder, 1975; Stavenga, 2003; Enoch, 1980) . Why the foveal photoreceptors are more elongated than those throughout the macula, for example, is likely due to the fact that if a narrow photoreceptor is to absorb the same amount of light as a neighbour that is thicker, it will be necessarily longer so that it can accommodate a similar volume of opsin.
Given perfect optics, the angular resolution of an eye is proportional to the diameter of the pupil, relative to the wavelength of the light, l/D (Snyder, 1975) . The angular diameter of the photoreceptors should match that angle in order to use of the resolution made available by the pupil. In a high-resolution eye this implies very small photoreceptor diameters e but there are limits.
The family of modes supported by a waveguide, and the relative power in each, is determined by the dimensionless waveguide parameter 'V', where V ¼ ðpd=lÞ Â ðn 2 i À n 2 o Þ 0:5 ; n i and n o are the refractive indices of the inside of the guide (core) and the outside (cladding) respectively; d is the diameter of the core -in this case, the internal diameter of the outer segments of photoreceptors (Snyder, 1975) . Below V ¼ 2.3 only the lowest order mode is supported, providing a so-called mono-modal optical fibre, which absorbs light very directionally. However, when d falls to a critical low value (where 1 < V < 2) the amount of light inside the guide will rapidly drop to zero, and be propagated outside the core e an undesirable outcome that sacrifices focus. Above V ¼ 2.3 the receptors are progressively less directional. Because of these effects, cone photoreceptors sensitive to visible wavelengths should be no less than w2 mm in diameter. A consequence is that to achieve diffraction-limited resolution, eyes with large pupils (and good optics) need to grow in diameter to match the smallest possible photoreceptor to the angular resolution provided by larger pupils; this has consequences. Using a digital camera as an analogy, for a fovea of w1 mm diameter, comprising 2 mm cone segments, the resultant 'camera' comprises only about 227K hexagonally packed pixels (cones); this is equivalent to a low-grade digital camera with a resolving power of only 0.25 mega-pixels. Of course, the visual system deals with this sampling problem using other strategies. However, that there is such a coarse sampling system in the human retina implies that there is a physiological limit on its diameter, otherwise why not evolve a larger 'camera' with more 'pixels'? Indeed, a study of foveal dimensions in 5 New World monkeys, a rhesus monkey and a human finds that although retinal area varies overall by a factor of 5, the area of the fovea is approximately the same size in all species, supporting the idea that the size of the fovea is physiologically constrained (Franco et al., 2000) . Furthermore, we now understand from OCT studies that narrowing and elongation of cones can occur in the absence of a fovea (see 4.3 Absence of the fovea: relationship to the FAZ), leading to the question, why have a fovea at all?
5.2. The StileseCrawford effect Roorda and Williams (2002) has shown that foveal cones are sufficiently crystalline to have the acceptance angle of a single monomodal photoreceptor. This results in the StileseCrawford effects where collimated pencils of light entering the pupil parallel to, but offset from, the optical axis of the eye appear dimmer than those on the optical axis (Fig. 10) . Effectively this means that the pupil is apodized (Atchison et al., 2003 (Atchison et al., , 2002 ; that is, the pupil acts like a neutral density filter which increases in density, radially and outwards. This apodization is roughly Gaussian in shape, but the part imposed on the pupil is less than AE1 SD (Rynders et al., 1995; Schulze-Dobold et al., 2009) , and so does not reduce the effective diameter of the pupil greatly. Nonetheless, the consequence of having a crystalline array of waveguiding cones in our fovea is that the effective pupil size for optimal central vision is smaller than for the rest of the retina. Importantly, apodization ameliorates optical aberrations.
Overall, the effect is that for pupil diameters >2.5 mm, the fovea receives less light but sees fewer aberrations than extrafoveal retina; in contrast, the retina outside the fovea benefits from higher signal-to-noise ratios due to a denser rain of photons. For Poisson processes like photon arrivals, signal-to-noise ratios scale with the square root of the number of absorptions per second. Information (bits/s) scales linearly with the number of samples (cones), but with the log of the signal-to-noise ratio (Snyder et al., 1977) . Thus in information terms, a small relative loss of foveal photons caused by apodizing, can be more than made up for by increasing the number of independent samples provided by higher cone densities and a well-focussed image.
The SC effect on letter acuity has been illustrated by Atchison et al. (2002) ,5 ( Fig. 10 ) which shows the effects of doubling or removing the SC apodization. Although difficult to quantify, the subjective improvement of image quality provided by the SC effect seems obvious enough. However, given that this effect is due to the narrowness of cones, and we know that cones can be elongated and narrow in the absence of a fovea, what does this tell us about the adaptive advantage of the fovea, per se?
Müller cell processes as waveguides?
Recent evidence suggests that waveguides are also components of vertebrate eyes in the absence of a fovea. That is, Müller glial cells can also act as optical waveguides, potentially providing a fibre optic transfer plate between inner and outer retina (Agte et al., 2011; Franze et al., 2007; Labin and Ribak, 2010) . Coherent optical fibre bundles are an extreme example of a transfer plate: ideally the image at one end of the coherent bundle is transferred unchanged to the other end. The Müller cells are often called radial glia because they span the retina from the inner limiting membrane to the external limiting membrane. Their filaments are about the right diameter to act as multimodal light guides (V > 2.3). Fig. 11 shows guinea pig Müller cells guiding two narrow laser beams through the retina producing two reasonably resolved blobs of light at the photoreceptor layer (Agte et al., 2011) . The spreading of the light indicates that, although effective, the transfer plate effect is imperfect. However, it shows the upper limit of how good the image quality might be when light is conducted by Müller cell processes.
In the fovea, however, Müller cell processes run parallel to the Henle fibres (Distler and Dreher, 1996; Yamada, 1969) , which cross the retina diagonal to the incoming light. They are not smooth, but include abrupt kinks, or bends, along their length (Reichenbach and Bringmann, 2010) preventing waveguiding. Thus, Müller Cells cannot act as a transfer plate in the central fovea because of their oblique orientation to light, and their uneven profile.
So a possible adaptive advantage of a fovea is that it prevents Müller cells from acting as a bad transfer plate, instead allowing the crystalline lattice of foveal photoreceptors to act as a near-perfect one. It is possible to reason how this might evolve. That is, as pupil and eye size increased in the quest for better acuity, the diameter of the cone outer segments would also decrease to their minimum, and their length increase to the amount required, predisposing them to form a crystalline lattice. Then, if there were a developmental 'accident' that reduced the adverse side-effects of Müller cell waveguides, i.e. pushing the inner retina and the Müller cells aside, the benefits of the cone-mediated StileseCrawford effect would be automatic, and so perhaps highly selected for.
Fresnel numbers and the fovea
Fresnel numbers describe the diffraction effects of electromagnetic radiation passing through an aperture, and can be applied to an understanding how the different wavelengths of radiation that pass through the pupil are dispersed in the eye. The Fresnel number is described by the equation N ¼ a 2 /(lf), where f is the focal length, and a is the pupil radius. In most camera systems N is large and the distribution of light on either side of the focal point of the lens is symmetrical. However, when N is small the distribution of light on either side of the focus becomes asymmetrical. In particular, the peak of the axial intensity moves closer to the lens than is predicted by geometric optics (Holmes et al., 1972; Li and Wolf, 1981; Stavenga, 2003) . At visible wavelengths N for the human eye is large, but that is not true in the infrared range.
For wavelengths >1.2 mm infrared transmission of the eye is similar to that of water, and in general transmission drops rapidly with increasing wavelength. However, there are relative windows that allow increased transmission of wavelengths of 1.25, 1.7 2.2 and 3.70 mm, where transmission is increased by 10e100 times (although it is still 10e100 times less than for visible wavelengths). Therefore it is possible that bright sunlight may cause significant fluence (J/cm 2 ) in the eye at these wavelengths, and generate heat in regions where these wavelengths are in, or near focus. Recently, work has shown that lipid-rich tissues are hundreds of times more absorbing of wavelengths of 3.80 mm than other cellular media, to the point where radiation of this wavelength has been suggested as a plausible way to ablate atherosclerotic plaques, without damaging artery tissue (Ke et al., 2009) . Thus, such radiation propagated in the eye could be problematic for the axon-rich layers which contain high levels of lipid (Nag et al., 2011) and are abundant in the Henle fibre layer and on the surface of the retina. Fig. 12 shows the shift of the focal point towards the lens (away from the fovea) at different wavelengths for 3 pupil diameters, and indicates positions of the infrared 'windows'. The shifts of the focal point described by the Fresnel numbers are equivalent to as much as 80 mm e 50% mean macular thickness (Wexler et al., 2010) , or almost the depth of the pit (Dubis et al., 2009 ). Thus, for visible light focused on the retinal/vitreal border, the focal point for 2000e 4000 nm light would be located in the vitreous at about the level of the foveal rim, affording protection to the lipid-rich Henle Fibres from the effects of infra-red radiation. Although the solar irradiance at these wavelengths is 10e30 times less than for visible light, when looking at highly specular reflections or the sun, the risk of damage may still be significant.
What are the optical advantages of a fovea?
The available data appears to suggest that foveal architecture per se is not strictly correlated with acuity. A small study by Marmor et al. (2008) shows that individuals lacking a fovea have acuity in the normal range towards the low end, while studies of foveal morphology in individuals born prematurely show that foveal structure is modified by premature birth, but that there is no clear correlation between foveal morphology and acuity (Akerblom et al., 2011; Hammer et al., 2008; Wang et al., 2012; Yanni et al., 2012) . A weakness in those findings is that none have made corrections for variations in foveal architecture that are genetically based (Nolan et al., 2008 ; Wagner-Schuman et al., 2011, and to our knowledge there has been no systematic study that attempts to correlate acuity with foveal architecture as a primary variable.
Setting aside the advantage of excluding blood vessels from the optic axis, overall the optical advantages of the foveal pit itself appear to be relatively minor. These include deriving benefit from the StileseCrawford effects by wave-guiding, and by removing the possibility that poorly constructed Müller cell transfer plates might degrade image quality. OCT informs us that photoreceptors in the macular region are significantly elongated even when the fovea is absent. However, as far as we know, when the fovea is absent there is no point where there is a focal concentration of slightly narrower and more elongated cones, as is seen in a foveola. Data from macaque monkeys suggests that cones in the foveola are approximately half the diameter of those on the edge (Borwein et al., 1980) . The extent to which this grading of cone inner segment diameters/ cone apertures within a fovea contributes favourably to resolving power, perhaps by deriving additional benefit from the Stilese Crawford effect, is difficult to evaluate.
The presence of a fovea may also protect axons of foveal cones from being 'cooked' by infrared radiation reaching the retinal surface as a result of transmission 'windows' in ocular tissues and media. It is interesting that these putative advantages derive ultimately from the wavelengths of light that enter the eye, in that the minimum diameter of photoreceptor inner and outer segments is determined by wavelength, and limits the number of cones within the foveal cone mosaic. The resultant rather coarse sampling array of cones at the fovea suggests that, for other biological reasons, the FAZ and hence the fovea cannot evolve to a larger size.
Overview and future directions
This review addresses recent advances in understanding the adaptations of central primate retina associated with high acuity vision. Findings suggest that of primary importance is vascular specialization that obviates the possibility of angioscotomas formed by the shadows of vessels falling onto a cone-rich mosaic. Hence, microvessels dominate the areae centrales of afoveate retinas, and the central area of foveate species in which definition of an FAZ is prerequisite for formation of a fovea.
In central retina a distinct set of molecular factors control vascular patterning, and anti-angiogenic PEDF appears to define the FAZ. It also appears that the axon guidance factor EphA6, has a dual role in mapping ganglion cell axons onto targets in the brain, and in regulating the migration of astrocytes across the retina, influencing the patterning of vessels and affecting their slow rate of growth towards the developing macula. Variations in the spatiotemporal expression of these, and other yet unidentified factors, is likely to explain the diversity in foveal architecture that is recognized both on genetic bases (e.g. albinism and race) and in response to environmental influences (e.g. prematurity).
The relationship between foveal morphology (including the condition of hypoplasia), cone diameter, packing density, the fixation point, and visual acuity is a new area of investigation now available using in vivo techniques. Such studies will better inform our understanding of the factors that determine acuity functions, and clarify the different roles played by the shape of the fovea and by cone density. Our present analysis suggests that any optical advantage derived per se from the presence of a fovea, results from the cumulative effect of a number of variables, and that no single factor, as far as we can presently determine, has a major impact on visual resolution at the fovea.
A crucial factor affecting visual acuity is the high density of cones in the foveal cone mosaic, and the midget circuits that dominate central, cell-rich retina which is thickest on the margins of the fovea , creating a local micro-environment where oxygen is in high demand (Yu et al., 2005) . Thus, we have evolved a central retina that relies on a high concentration of cells e required to improve bandwidth for signals from central retina e hand in hand with mechanisms that constrain retinal blood supply, to the extent that the macular region is heavily reliant on an extensive network of microvessels both within the retina, and in the form of the choriocapillaris.
It seems likely that vulnerability to macular degeneration is significantly affected by this arrangement , particularly in the presence of other genetic and environmental predisposing factors (Sparrow et al., 2012) . Microvessels are vulnerable to a variety of stressors, and dysfunction is associated with risk factors in common with macular degeneration, including smoking (Harris et al., 2012) , and with a wide range of CNS pathologies (Grammas et al., 2011) . Because microvessels feature so prominently in the normal anatomy and physiology of the macula, it seems likely that susceptibility to AMD is closely linked with incipient microvascular disease.
